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ABSTRACT
Energy injection into the external shock system that generates the afterglow to a gamma-ray burst
(GRB) can result in a re-brightening of the emission. Here we investigate the off-axis view of a re-
brightened refreshed shock afterglow. We find that the afterglow light-curve, when viewed from outside
of the jet opening angle, could be characterised by a slow rise, or long-plateau, with a maximum
flux determined by the total system energy. Using the broadband afterglow data for GRB 170817A,
associated with the gravitational wave detected binary neutron star merger GW170817, we show that
a refreshed shock model with a simple top-hat jet can reproduce the observed afterglow features. The
best fit model parameters give a jet opening angle θj = 5
◦
. 2+1.1−0.6, an inclination to the line of sight
ι = 16
◦
.0+3.4−1.1, an initial isotropic kinetic energy E1 = 0.3
+3.5
−0.3 × 1052 erg and a total, refreshed shock
energy Etotal = 0.42
+5.6
−0.4 × 1053 erg. The model fitting prefers an initial bulk Lorentz factor Γ0,1 < 60,
with a comparatively low central value of Γ0,1 = 19.5, indicating that the on-axis jet could have been a
‘failed-GRB’ and that the associated γ-ray emission was the result of a shock-breakout or some other
process.
Keywords: transients: gamma-ray bursts, stars: gamma-ray burst: general, individual: GRB 170817A
1. INTRODUCTION
Gamma-ray bursts (GRBs) are the result of en-
ergy dissipation (see Pe’er 2015, for a review of the
prompt GRB emission) within the ultra-relativistic jets
launched during the core-collapse of massive stars or the
merger of neutron stars (see Fryer et al. 2019, for a re-
view of GRB central engines). Due to the relativistic
beaming of the prompt emission, cosmological GRBs are
typically observed within the jet opening angle, or the
beaming angle of the emission. Observations of the af-
terglows of GRBs have revealed that in some cases, the
external shock responsible for the afterglow emission ex-
hibits a variability that is consistent with the outflow
being refreshed (e.g. Laskar et al. 2015).
Variability in the afterglows to GRBs provides infor-
mation about the energetics of a long-acting engine or
Corresponding author: Gavin P. Lamb
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the jet anisotropy (Ioka et al. 2005). A GRB afterglow’s
emission is the synchrotron radiation from a deceler-
ating relativistic shock (e.g. Sari et al. 1998; Kobayashi
et al. 1999) and in the scenario where an engine launches
multiple shells with different velocities, the collision of a
more energetic but slower shell, catching-up with an ini-
tially faster shell that is decelerating, will result in the
afterglow re-brightening (Rees & Me´sza´ros 1998; Sari &
Me´sza´ros 2000). Such re-brightening episodes have been
observed in a number of GRB afterglows (e.g. Granot
et al. 2003; Berger et al. 2005; Fox et al. 2005; Malesani
et al. 2007; Liu et al. 2008; Marshall et al. 2011; Melandri
et al. 2014; Laskar et al. 2015; Lamb et al. 2019a).
Indeed, the X-ray afterglows of many GRBs show
plateaux on timescales of 100–1000s of seconds (Nousek
et al. 2006; Zhang et al. 2006), which is readily in-
terpreted as being due to continued energy injection;
and for the afterglows of short GRB 130603B and
GRB 170817A, excess X-ray emission at very late-times
supports a long-lived engine (Fong et al. 2014; Piro et al.
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2019). Such energy injection can be understood as be-
ing due to the central engine activity e.g. long-lived
accretion onto the nascent black hole from fallback of
material that fails to escape the explosion (Rosswog
2007), or through the long-term tapping of the rota-
tional energy of a rapidly spinning magnetar (e.g. Gom-
pertz et al. 2014; Gompertz & Fruchter 2017; Beniamini
& Mochkovitch 2017; Gibson et al. 2017, 2018). Alterna-
tively, refreshing of the shock can arise from a short-lived
engine simply due to the emission of shells with a wide
range of Lorentz factors (Zhang et al. 2006; Beniamini
& Kumar 2016).
As the jets responsible for GRBs have half-opening
angles of a few degrees, typically . 10 ◦. 0 for long-
duration GRBs (Goldstein et al. 2016) and . 8 ◦. 0 for
short-duration GRBs (Jin et al. 2018), then the ma-
jority of the progenitor population will result in GRBs
that are pointed away from an observer. Such off-axis
GRBs would result in orphan-afterglows (e.g. Granot
et al. 2002) with a handful of candidate events having
been found (e.g. Cenko et al. 2013, 2015; Marcote et al.
2019). Where an afterglow is refreshed, the brightest
component of the off-axis emission would depend on the
total energy of the refreshed shock outflow. This is par-
ticularly important for orphan afterglow searches (e.g.
Ghirlanda et al. 2015; Lamb et al. 2018b; Huang et al.
2020), and for the electromagnetic counterparts to grav-
itational wave (GW) detected compact binary mergers
(see Nakar 2019, for a review of GW electromagnetic
counterparts).
The first definitive example of an off-axis observed
GRB afterglow is the X-ray to radio transient first de-
tected at & 9 days after the GW detected neutron star
merger and GRB 170817A (Abbott et al. 2017a,b). As
the flux from this transient continued to rise over a pe-
riod of∼ 150 days (e.g. D’Avanzo et al. 2018; Dobie et al.
2018; Lyman et al. 2018; Margutti et al. 2018; Mooley
et al. 2018a; Nynka et al. 2018; Resmi et al. 2018; Troja
et al. 2018), the origin of the emission was thought to
be that from either a choked-jet cocoon, where an un-
successful jet energises a cocoon of material (Murguia-
Berthier et al. 2017); or a structured jet observed off-axis
(Lamb & Kobayashi 2017; Lazzati et al. 2017). The ob-
servations continued to be ambiguous until a rapid de-
cline and imaging via very long baseline interferometry
(VLBI) revealed a relativistic and narrow jetted outflow
(Lamb et al. 2018a, 2019b; Mooley et al. 2018b; Troja
et al. 2018; Hotokezaka et al. 2019; Ghirlanda et al.
2019).
The structured jet scenario to explain the origin of the
temporal features in the afterglow to GRB 170817A has
been widely adopted1. The isotropic equivalent kinetic
energy in the jet core inferred from structured jet mod-
els is typically ∼few ×1052 erg (e.g. Hajela et al. 2019;
Lamb et al. 2019b; Ryan et al. 2019; Troja et al. 2019a);
this value is high when compared to the cosmological
short GRB population, 〈E〉 = 1.8×1051 erg (Fong et al.
2015), suggesting that GRB 170817A was a highly ener-
getic short GRB, and would have been observed as such
to an on-axis viewer (Salafia et al. 2019).
Due to their faintness, short GRB afterglows are
not particularly well sampled (when compared to the
long GRB afterglow population) (see Nakar 2007;
Berger 2014, for reviews of short GRBs), however,
there are at least two examples of short GRBs with
strong evidence for a refreshed shock in the afterglow;
GRB 050724 (Berger et al. 2005; Malesani et al. 2007),
and GRB 160821B (Lamb et al. 2019a; Troja et al.
2019b). If the majority of the energy in a short GRB
outflow is in a slower component that refreshes the af-
terglow at a late time, then due to the faintness for
an on-axis observer, a refreshed shock episode would be
typically difficult to detect. However, for an off-axis ob-
server the orphan afterglow would be dominated by the
higher energy of the refreshed shock. Here we ask the
questions: What would a refreshed shock afterglow look
like to an off-axis observer? Can a refreshed shock after-
glow explain the observed features of the GRB 170817A
afterglow?
In §2.1 we describe the analytic estimates for the
peak flux and time for an off-axis afterglow from a
refreshed-shock scenario. In §2.2 we give the details of
our numerical afterglow model used to fit the data from
GRB 170817A. In §3 we describe our results. And in
§4 & 5 we discuss the results and give our conclusions.
2. METHOD
The observed peak flux and time for a GRB after-
glow from a top-hat jet structure, when viewed outside
of the jet opening angle, can be estimated analytically
(e.g. Nakar et al. 2002). To get a more accurate picture
of the behaviour of an afterglow for variously positioned
observers, and for any jet structure, we can use numeri-
cal methods to better produce the expected light-curves
(e.g. Granot et al. 2002; van Eerten et al. 2010; Lamb &
Kobayashi 2017; Ryan et al. 2019; Salafia et al. 2019).
Here we describe our method for estimating the peak
flux for the two outflow components considered for an
1 However, see Huang et al. (2019) who use jet precession to ex-
plain the apparent structure, and Gill et al. (2019) who highlight
an issue in the assumptions made in calculating an afterglow’s
emission at early times.
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off-axis observed top-hat jet with a single refreshed
episode. We further describe the numerical model used
to explore the parameter space required to fit the ob-
served off-axis afterglow to GRB 170817A.
2.1. Analytic peak afterglow estimates
We estimate the off-axis peak flux and peak time from
a conical outflow with a simple top-hat structure i.e. a
uniform energy and velocity within an angle from the
central axis until the half-opening angle θj , where we
assume the energy and velocity drop to zero. This is the
simplest, non-spherical, approximation for the expected
outflow structure.
For a refreshed shock afterglow, the light-curve could
exhibit a second peak; the first peak from the onset of
deceleration for the initial shell or outflow, assuming
the observed frequency ν is above the characteristic syn-
chrotron frequency νm, and a second peak following the
collision of the first and second shells, assuming that the
second shell has a higher kinetic energy, E than the first
(Rees & Me´sza´ros 1998; Sari & Me´sza´ros 2000; Granot
et al. 2003). To estimate the peak time and flux of these
events for an off-axis observer we follow the analytic esti-
mates in Lamb & Kobayashi (2017), here the peak flux2,
where ν > νm, for an observer at an inclination ι > θj
is,
Fp ∼ (2/3) C(p) f(ι, θj) ι2(1−p)(1 + z)(1−p)/2
× ν(1−p)/2 E n(1+p)/4ε(1+p)/4B εp−1e D−2, (1)
where C(p) is a coefficient that depends on p, f(ι, θj)
is a function of ι and θj (see Lamb & Kobayashi 2017,
where the expressions are given explicitly and the 2/3
is just a numerical factor to account for the difference
in the synchrotron flux estimation), n is the surround-
ing medium particle number density, εB and εe are the
microphysical parameters that define the fraction of en-
ergy in the magnetic field and electrons respectively, p
the relativistic electron distribution index, and D the
luminosity distance to the source. Equation 1 is valid
for ι > Γ(t)−1. By considering the sideways expansion
of the outflow, the peak flux time can be estimated as
(e.g. Nakar et al. 2002),
tp ∼ 121.3(1+z) ι2
[
E
1052 erg
]1/3 [ n
0.1 cm−3
]−1/3
days.
(2)
From equation 1, if we assume that all the param-
eters are constant at all times with the exception of
2 We assume the slow-cooling regime and the cooling frequency is
νc > ν, the observed frequency.
the total kinetic energy, E, that will increase as the
shock is refreshed, it is clear that for an off-axis ob-
server the afterglow lightcurve will be dominated by the
more energetic refreshed shock emission. From equa-
tion 2, this peak will appear later than that for the emis-
sion from the initial outflow. Where the conditions are
right, then the off-axis afterglow lightcurve will exhibit
an early rise dominated by the initial outflow followed
by a transition to a later, and brighter peak due to
the refreshed shock emission. The delay between these
‘peaks’ is proportional to the difference in the energy as
t1/t2 = (E1/E2)
1/3, and the flux from either component
as F1/F2 = E1/E2, where the subscript indicates the
peak time/flux associated with the order of the shells.
2.2. Numerical afterglow
The emission from a forward shock generated during
the deceleration of a relativistic outflow is calculated
following the method described in Lamb et al. (2018a)
with synchrotron self-absorption using the prescription
in Lamb & Kobayashi (2019). A conical outflow with ro-
tational symmetry and defined by the half-opening an-
gle, θj , is divided into components following the method
in Lamb & Kobayashi (2017). For each component,
eight parameters are required to calculate the forward
shock flux due to synchrotron radiation, these are: E1,
the isotropic equivalent kinetic energy, Γ0 the maximum
Lorentz factor, θj the half-opening angle, εB , εe, n, p,
and ι the inclination of the outflow central axis to the
line-of-sight. By assuming spherical symmetry and via
conservation of energy, the parameters, E1, n and Γ0 are
used to determine the instantaneous Lorentz factor Γ
and swept-up mass of the decelerating blastwave (Pe’er
2012). The effects of expansion at the sound speed are
included by considering the change in a component’s
swept-up mass as the outflow solid-angle changes due to
the sound speed expansion (Lamb et al. 2018a).
The outflow will penetrate the medium surrounding
the central engine and sweep-up matter as it expands
resulting in the outflow’s deceleration. A simultaneously
launched secondary outflow, or slower shell, that follows
the first will travel along the swept-path and catch-up
with the initial outflow when Γ1(r) = Γ0,2/2 here Γ1(r)
is the instantaneous Lorentz factor of the leading out-
flow at a radius r from the central engine, and Γ0,2 is
the maximum Lorentz factor of the slower shell or out-
flow (Kumar & Piran 2000); where there is a delay be-
tween the outflows, then Γ1(r) ≤ Γ0,2/2. The energy of
the second outflow/shell, E2, is added to the first, E1.
Where E2 > E1, then emission from the shock will re-
sult in an observable re-brightening of the afterglow (e.g.
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Rees & Me´sza´ros 1998; Sari & Me´sza´ros 2000; Granot
et al. 2003; Lamb et al. 2019a).
To estimate the light-curves from a refreshed shock
blastwave, we introduce two new parameters to our
method; Γ0,2 and E2, the maximum Lorentz factor of
the second shell and the shell’s kinetic energy. The
dynamics for the decelerating blastwave are calculated
via energy conservation. When the initial blastwave’s
Γ1(r) = Γ0,2/2, then the total energy in the shell be-
comes E1 +E2 = Etotal, and the dynamical evolution is
calculated assuming this new energy value. The sudden
increase in energy for the decelerating blast-wave results
in additional swept-up mass as the shell adiabatically
expands to accommodate the increase in energy. This
swept-up mass, along with the change in solid-angle due
to sound-speed lateral expansion, is used to determine
the instantaneous radius and therefore the timescale.
The parameters used to determine the observed light-
curve are calculated from the co-moving frame values
(see Sari et al. 1998; Wijers & Galama 1999; Lamb et al.
2018a) using the relativistic Doppler factor δ = [Γ(1 −
βµ)]−1, where β is the velocity as a fraction of the speed
of light and µ the cosine of the angle from the shock
normal to the line-of-sight given by,
µ = sin θ cosφ sin ι+ cos θ cos ι, (3)
where θ is the angle from the central axis to the emission
point and φ is the rotation angle of the point on the
emitting surface.
The afterglow to the on-axis observed short
GRB 160821B requires a refreshed shock to successfully
accommodate the observed features in the data for this
event (see Lamb et al. 2019a, for a detailed discussion).
To demonstrate how a refreshed shock afterglow would
look at various inclinations we use the afterglow pa-
rameters for GRB 160821B and vary the inclination, see
Fig. 1. Here the jet has a top-hat, or uniform and sharp-
edged structure with parameters: E1 = 1.3 × 1051 erg,
Γ0,1 = 60, Etotal = 2.1 × 1052 erg, Γ0,2 = 24, θj =
0.033 rad, εB = 0.01, εe = 0.1, n = 10
−4 cm−3, p = 2.3,
and the inclination ι is varied from 0.0 – 0.4 radians.
Additionally, the estimates for the peak flux and time
for the initial outflow and the refreshed shock from equa-
tions 1 & 2 are shown for the cases where ι > 2θj as blue
circles and crosses for the initial and the refreshed shock
respectively.
The temporal phenomenology of these off-axis light-
curves can be compared with an observed off-axis after-
glow, and vice-versa. Given the apparent ‘structure’ in
the afterglow light-curve for a mildly inclined observer,
see the light-curves (red lines) for ι ∼ 0.10–0.15 in Fig. 1,
we test this model with data from an off-axis observed
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Figure 1. The model forward shock afterglow to
GRB 160821B at R-band using the parameters from Lamb
et al. (2019a). The inclination (in rad) of the jet to the line-
of-sight is varied from 0.0 ≤ ι ≤ 0.4 in steps of ∆ι = 0.05.
The refreshed shock component of the afterglow becomes
dominant for observers at ι & 2θj , where θj = 0.033 rad
for GRB 160821B. Blue markers show the analytic estimates
from equations 1 & 2 for cases where ι > 2θj .
afterglow. The only confirmed example of a short GRB
afterglow viewed outside of the outflow opening angle
is that of GRB 170817A (e.g. Alexander et al. 2018;
D’Avanzo et al. 2018; Dobie et al. 2018; Lyman et al.
2018; Margutti et al. 2018; Mooley et al. 2018a; Nynka
et al. 2018; Resmi et al. 2018; Troja et al. 2018; Fong
et al. 2019; Hajela et al. 2019; Lamb et al. 2019b). By
assuming a simple top-hat jet structure that is refreshed
at late-times by a more energetic second component we
use a Markov-Chain Monte Carlo (MCMC) to find the
best fitting parameters in our model. To improve effi-
ciency, we vary the resolution of the model depending
on the values of key parameters. The resolution for each
outflow is equal to the integer closest to (2θjΓ0)
2, where
Γ0 is the maximum bulk Lorentz factor of the outflow.
For an off-axis observer, where the system inclination
ι > θj , the resolution is reduced proportional to the
difference in ι − θj with a minimum resolution of 100
individual components. This ensures that the afterglow
light-curves are produced without noise from the numer-
ical methods.
We employed emcee (Foreman-Mackey et al. 2013) to
perform the MCMC with the flat priors given in Ta-
ble 1. The bounds on the prior range for each param-
eter is set broad to avoid introducing any forced con-
straints on the fit with the exception of the system in-
clination and the jet opening angle. For the inclination,
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Table 1. The emcee prior parameter ranges for the refreshed
shock model. The inclination range is limited to that found
by Hotokezaka et al. (2019), and the jet opening angle to the
observed distribution of short GRB opening angles (Fong
et al. 2015).
Lower limit Parameter Upper limit
47 log[E1 (erg)] 54
> log[E1] log[Etotal (erg)] log[1000× E1]
2 Γ0,1 1000
2 Γ0,2 < Γ0,1
0.0175 θj (rad) 0.4363
0.9004 cos[ι] 0.9689
-5.0 log[εB ] -0.5
-5.0 log[εe] -0.5
-6.0 log[n(cm−3)] 0.0
2.01 p 2.99
we limit to 0.25 ≤ ι ≤ 0.45 and flat3 in cos ι. The limits
on ι are those found by Hotokezaka et al. (2019) from
GW, VLBI and afterglow modelling, and consistent with
Mandel (2018) using only the GWs. For the jet opening
angle, despite the tight constraints for a narrow core,
or jet half-opening angle θj , from the VLBI measure-
ments (Ghirlanda et al. 2019), we choose only to limit
the opening angle to a range that covers the observed
short GRB measured values or limits, 1
◦
.0 ≤ θj ≤ 25◦.0
– noting here the degeneracy in afterglow model fitting
with ι–θj (Nakar & Piran 2020).
3. RESULTS
The analytic estimates for the peak flux from the ini-
tial and the refreshed shock outflow, as shown in Fig. 1,
give an adequate approximation for the peak flux and
time4 compared to the numerical light-curve approxima-
tion at all points where ι > 2θj , with the exception of
the refreshed shock peak flux at ι < 0.15 (blue crosses).
These exceptions can be understood by considering the
beaming cone for the emission from the refreshed shock;
where the shells collide when Γ1 = Γ0,2/2, which for
GRB 160821B is Γ1 ∼ 12 (Lamb et al. 2019a). The re-
freshed shock gains momentum and coasts before again
entering a deceleration phase governed by energy con-
servation; the afterglow light-curve will flatten or re-
brighten before breaking as the outflow starts to decel-
3 We use a flat cos ι distribution to avoid biasing towards lower
inclinations.
4 The underestimate in the peak time for the refreshed shock peak
is expected, the analytic estimate is based on the time when
the Lorentz factor of the decelerating blastwave is equal to 1/ι
and does not consider the additional light-travel time due to the
changed geometry
erate. The bulk Lorentz factor of the outflow at this
time is Γ ∼ 6 and where Γ < [ι− θj ]−1, such as for the
two overestimated points at ι = 0.1 & 0.15, the emission
will be beamed towards the observer before the observed
peak and so the expression for the peak flux in equation 1
is not valid.
To determine if the refreshed shock model can ex-
plain the observed features for an off-axis observed after-
glow (features that are typically attributed to lateral jet
structure) we use an MCMC analysis with the data from
the afterglow of GRB 170817A (Alexander et al. 2018;
Mooley et al. 2018a; Fong et al. 2019; Hajela et al. 2019).
The light-curves from 400 randomly sampled posterior
parameters sets are shown in Fig. 2 with the afterglow
data used for the fits. From these we can see that the
refreshed shock model using a simple top-hat jet can re-
cover the observed features, a gradual rising light-curve
from the earliest detection at ∼ 10 days post burst to a
peak at ∼ 150 days, for the afterglow to GRB 170817A.
The central values and the 16th and 84th percentiles
from the posterior distribution for the fit parameters
are listed in Table 2.
A tight linear correlation between the kinetic energy,
E1 of the initial outflow and the total energy, Etotal of
the refreshed shock is shown in Fig. 3. From the ana-
lytic estimates, this tight correlation is expected, where
the maximum synchrotron flux is Fmax ∝ E (Sari et al.
1998) and the peak flux then depends on the timescale
and the spectral regime (Sari et al. 1999). For an off-
axis observer for both the initial and the refreshed shock
‘peaks’, the ratio of the fluxes is equal to the ratio of the
energies, e.g. equation 1. The ratio of the peak flux to
the flux at ∼ 15 days is ∼ 3, whereas from Table 2 the
ratio of energies is ∼ 12. This inequality is similar to
the case in Fig. 1 at ι ∼ 3θj and suggests that the ob-
served emission in the afterglow to GRB 170817A, using
the refreshed shock model, is beamed towards the ob-
server before the peak. The flux is then determined by a
post-jet-break observed system where the observer is at
θj < ι < Γ(t)
−1. For ι = 0.28+0.06−0.02, and θj = 0.09
+0.02
−0.01
the maximum Lorentz factor for the emission from the
light-curve near peak is therefore Γ ≤ 6.7. This is con-
sistent with the constraints from the superluminial mo-
tion of the centroid in the VLBI observations between
75–230 days, with an apparent velocity βapp = 4.1± 0.5
(Mooley et al. 2018b), giving Γ ≥ 3.6.
We also see a preference for a narrow jet half-opening
angle with θj = 0.09
+0.02
−0.01, or ∼ 5◦. The superlumi-
nal motion of the centroid indicates an opening angle
θj . 5◦ (Mooley et al. 2018b); as [ι − θj ] > θj for our
values, this estimate holds for our model and without
forcing the narrow jet condition, our results are consis-
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Table 2. The emcee parameter distribution (central, 16th
and 84th percentile limits) for the refreshed shock model fits
to the radio, optical, and X-ray data shown in Fig. 2.
Parameter Value Parameter Value
log [E1 (erg)] 51.51
+1.07
−0.76 log [Etotal (erg)] 52.62
+1.16
−0.77
Γ1 19.54
+44.04
−8.66 Γ2 ≥ 7.79+1.14−1.22
θj (rad) 0.09
+0.02
−0.01 ι (rad) 0.28
+0.06
−0.02
log εB −2.29+0.88−1.82 log εe −1.86+0.69−1.17
log [n (cm−3)] −2.94+1.29−0.75 p 2.16+0.01−0.03
tent with the opening angle inferred from the centroid
motion. Where a structured jet model is used to fit
the afterglow, the values for the jet core are θc ∼ 0.06,
or ∼ 3◦.5 (e.g Hotokezaka et al. 2019; Ghirlanda et al.
2019); however, as the jet core values are the result of
light-curve fitting, it is unclear to what extent emission
from the region immediately outside of the jet core con-
tributes to the radio centroid images for structured jets
(see Ghirlanda et al. 2019, who rule out & 30◦ outflows
to high significance from the centroid images). Both
of the VLBI fits utilised core-dominated structured jet
models where the inclination and core angle from the fit
can depend on the choice of jet structure and how θc
is defined (Ryan et al. 2019). Additionally, the inclina-
tion ι, of the system from our fits has a preference for
lower angles, despite using a flat prior over cos ι. The
preferred inclination of the system is ι = 0.28+0.06−0.02, or
16
◦
.0+3.5−1.1.
To check how the inferred afterglow of GRB 170817A
compares with an on-axis example, we plot using the
same afterglow parameter sets to show an on-axis,
ι = 0.0 rad, observed light-curve in Fig. 4. For the
comparison, we plot the equivalent afterglow for the
GRB 160821B parameters but shifted to the same lu-
minosity distance and redshift as GRB 170817A. Com-
pared to GRB 160821B, the dash-dotted lines, the on-
axis afterglow to GRB 170817A is typically fainter. Ad-
ditionally, the re-brightening due to the refreshed shock
occurs at a later time, as expected from the lower sec-
ondary Lorentz factor value from the GRB 170817A af-
terglow parameter fits when compared to the case in
GRB 160821B, Γ170817A = 7.8 vs Γ160821B = 24. At
typical short GRB cosmological distances, the predicted
on-axis afterglow to GRB 170817A would be faint but
consistent with the short GRB population where only
Figure 2. A refeshed shock model fit to the GRB 170817A
radio (3 GHz – dark blue, 6 Ghz – light blue), optical
(F606W, ∼ 5.1× 1014 Hz – yellow), and X-ray (1 keV – red)
data from Alexander et al. (2018); Mooley et al. (2018a);
Fong et al. (2019); Hajela et al. (2019). The coloured lines
show the light-curves using 400 randomly sampled posterior
distribution parameter sets for GRB 170817A.
log(E1) = 51.51+1.070.76
50 51 52 53
log(E1)
51
52
53
54
55
lo
g(
E t
ot
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51 52 53 54 55
log(Etotal)
log(Etotal) = 52.62+1.160.77
Figure 3. The 2D posterior distribution for the initial out-
flow energy and the total refreshed shock energy. Vertical
dashed lines indicate the 16th, central, and 84th percentiles
of the distribution. The parameters demonstrate the ex-
pected strong linear correlation, where the the peak flux is
proportional to the outflow energy.
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Figure 4. The on-axis view of the refreshed shock model fit
to the GRB 170817A radio (3 GHz – dark blue, 6 Ghz – light
blue), optical (F606W, ∼ 5.1× 1014 Hz – yellow), and X-ray
(1 keV – red) frequencies. The coloured lines show the light-
curves using 400 randomly sampled posterior distribution
parameter sets for GRB 170817A but changing ι to 0.0. The
afterglow from GRB 160821B (Lamb et al. 2019a) is shown
for comparison (moved to the distance of GRB 170817A).
∼ 34% of Swift identified short GRBs having detected
optical5 afterglows (Fong et al. 2015).
4. DISCUSSION
We have investigated the behaviour of a refreshed
shock afterglow from a simple top-hat jet seen off-axis,
and showed that it reproduces the observed temporal
behaviour of the afterglow to GRB 170817A. In our re-
freshed shock model, as the initial outflow decelerates
the second component will catch-up and energise the
shock resulting in a re-brightening, or refreshing, of the
afterglow emission. For an off-axis observer, this second
component will dominate the afterglow emission as the
off-axis peak flux, at a fixed inclination, is Fp ∝ E, the
energy in the shock. For an observer at a favourable in-
clination, the resulting afterglow will rise slowly to peak
before declining as the typical, post-peak afterglow. At
higher inclinations, the light-curve will appear consis-
tent with that from a top-hat jet with the parameters
of the refreshed shock.
5 We note here that X-ray afterglow detection is more common,
with ∼ 74% of the short GRB population. However, X-rays are
typically complicated by excess emission from internal and exter-
nal plateaux, making the clear distinction between an external
shock afterglow and some other afterglow emission complex. For
completeness, Fong et al. (2015) lists the fraction of short GRBs
with a radio afterglow at ∼ 7%.
The energy in the jets, Ej = E(1 − cos θj), for
GRB 170817A when fit by the refreshed shock model
is Ej,1 = 0.16
+1.85
−0.13 × 1050 erg in the initial outflow, and
Ej,total = 0.19
+2.83
−0.15×1051 erg for the total final energy in
the refreshed shock jets6. The values for the initial out-
flow are consistent with the median kinetic energy in the
jets 〈Ej〉 ∼ 0.8+2.5−0.7×1050 erg for the short GRB popula-
tion (Fong et al. 2015), and consistent with the energy
found for the launched jet in GRB 170817 by Lazzati
et al. (2020).
For an on-axis observer, the refreshed shock re-
brightening of the afterglow for a typical cosmologi-
cal distance short GRB would be below the detection
threshold in nearly all situations. The GRB 160821B is
one of the closest confirmed on-axis short GRB (Lamb
et al. 2019a; Troja et al. 2019b), and shows evidence for a
refreshed shock at late times. Despite this GRB’s prox-
imity, at a redshift z = 0.16, the broadband afterglow
observations at the time of the refreshed shock episode
were challenging.
Lamb et al. (2019a) suggested continued or restarted
central engine activity due to fallback material
to explain the re-brightened afterglow episode in
GRB 160821B. From the energy in the jet, and assum-
ing that the X-ray emission lasting ∼ 300 s post burst is
due to energy dissipation within the lower-Lorentz factor
second outflow, then the fallback mass can be estimated;
for GRB 160821B this fallback mass is ∼ 2 × 10−3 M.
For GRB 170817A, given the typically low-Lorentz fac-
tor for the second outflow episode, Γ0,2 & 7.9, then any
energy dissipated within this outflow is likely reabsorbed
by the jet and contributes to the total kinetic energy of
the outflow (Lamb & Kobayashi 2016; Matsumoto et al.
2020). In this scenario, no bright X-ray emission would
have accompanied the secondary outflow, and given the
inclination of the system to the line-of-sight, if this emis-
sion was beamed into a cone of 1/Γ0,2, then for cases
where the Lorentz factor was sufficiently high that pho-
tons could escape the outflow, an X-ray plateau from
this source would have been difficult to detect. Alter-
natively, if the X-ray plateau in GRBs is a result of
lateral jet structure and the viewing angle (Beniamini
et al. 2020; Oganesyan et al. 2020), then the high opac-
ity in a low-Lorentz factor outflow could fully suppress
the emission. Where the suppression due to the opac-
ity and thermalisation is not fully efficient then an X-ray
transient, or an X-ray burst may be produced. However,
if an X-ray transient is due to shock-breakout from a co-
6 This assumes that the system has identical bipolar jetted out-
flows.
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coon, then X-ray emission could accompany the low-Γ,
refreshed shock scenario (Matsumoto & Kimura 2018).
If the X-ray plateaux are an indication of continued
central engine activity that injects energy into the jet,
then refreshed shocks could be ubiquitous in the GRB
population, however, only cases where the injected en-
ergy is much larger than the initial energy would result
in observable afterglow variability. A visual inspection
of the X-ray light curves of Neil Gehrels Swift Observa-
tory short GRBs suggests that of those with an X-ray
afterglow, > 30% have evidence for additional energy in-
put at later times, most commonly in the form of a long
lived plateau, persisting at bright levels for hundreds to
thousands of seconds (with the majority at the shorter
end), or in the form of X-ray flares. Such properties are
also common in long GRBs, and are widely ascribed to
additional energy injection.
The origin of the prompt emission in GRB 170817A is
difficult to explain with an off-axis viewed typical short
GRB (Kasliwal et al. 2017; Lamb & Kobayashi 2018),
however, some component of the observed GRB could
be due to emission from the mid-point of a structured
jet (Ioka & Nakamura 2019). The required core energy
and Lorentz factor are at the upper-limits for the short
GRB population, however, consistent with those from
afterglow modelling assuming a Gaussian structured jet
(e.g. Gill & Granot 2018; Lamb et al. 2019b; Troja et al.
2019a). The prompt emission of GRB 170817A is better
explained as the shock breakout from a cocoon of mate-
rial that is inflated by a successful, ultra-relativistic jet
(Bromberg et al. 2018; Duffell et al. 2018; Gottlieb et al.
2018b; Pozanenko et al. 2018). Then GRB 170817A is
more a “burst of γ-rays” than a ‘classical’ GRB (Kasli-
wal et al. 2017).
An interesting result of the posterior distribution
for the Lorentz factor of the initial outflow, Γ0,1 =
19.5+44.0−8.7 , is the preference of the model for ‘lower’ val-
ues; see Fig.5. Given the energy of the initial outflow,
E1 = 0.3
+3.5
−0.3 × 1052 erg, any dissipation within an out-
flow with Γ0,1 . 25 is likely to be into an optically thick
medium resulting in a failed-GRB (Dermer et al. 2000;
Huang et al. 2002). This implies that GRB 170817A
may be associated with a population of failed-GRBs
that would result in on-axis orphan afterglows for all but
the nearest events where the burst of gamma-rays from
the shock-breakout may be detected. Such a popula-
tion could dominate the neutron star merger population,
however, at cosmological distances the electromagnetic
counterparts, even for an on-axis observer, would be dif-
ficult to detect (Lamb & Kobayashi 2016). However, if
we restricted the prior range for the initial Lorentz fac-
tor to Γ0,1 & 25, then higher Lorentz factor solutions to
log( 1) = 1.29+0.510.25
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log( 1)
0.8
1.0
1.2
1.4
lo
g(
2)
0.8 1.0 1.2 1.4
log( 2)
log( 2) = 0.89+0.060.07
Figure 5. The 2D posterior distribution for the initial out-
flow Lorentz factor Γ0,1 and the second outflow Γ0,2. The
dashed vertical lines indicate the central, and the 16th and
84th percentiles. The green vertical line shows Γ0,1 = 25,
the ∼lower-limit for a successful GRB where the isotropic
equivalent kinetic energy is ∼ 1051 erg (Lamb & Kobayashi
2016).
the fit exist with some at Γ & 100, see Fig. 5, although
the clear preference of the model is for values Γ0,1 . 60.
The rapid post-peak decline and the VLBI imaging
of the afterglow to GRB 170817A confirmed the ultra-
relativistic jet origin for the emission (Lamb et al. 2018a;
Mooley et al. 2018a; Ghirlanda et al. 2019; Hotokezaka
et al. 2019). The temporal phenomenology of the af-
terglow’s slow rise with F ∝ t∼4/5 is usually attributed
to the lateral structure of a core-dominated jet. Al-
though lateral structure is certainly present in a jet-
ted outflow, the ‘steepness’ of the jet edge structure
is unknown, here we have shown that the afterglow of
GRB 170817A cannot conclusively be used to constrain
the lateral jet structure and that the temporal features
can be explained by a refreshed shock at late-times (see
also Gill et al. 2019, for an alternative explanation us-
ing only a top-hat jet structure) – similar to that seen
in the afterglow to the short GRB 160821B. The earliest
X-ray afterglow data at . 15 days are not well repro-
duced by the refreshed shock model. However, we did
not consider the emission from an associated mildly rel-
ativistic cocoon, where a cocoon surrounding the initial
outflow could contribute to the emission at t . 10 days,
(e.g. Gottlieb et al. 2018a; Salafia et al. 2020). In Fig. 6
we show how the light-curves in Fig. 2 are changed at
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Figure 6. The light-curves from 400 randomly sampled
posterior parameters sets from the refreshed shock model
in Fig. 2 are plotted with additional flux from an associated
cocoon; solid lines. The cocoon light-curve alone is shown as
a dashed line. The cocoon has a fixed isotropic equivalent
energy and Lorentz factor, E = 1049 erg and Γ = 2.5. In each
case the cocoon surrounds the jet to an angle of θj + 20
◦
.0.
Red lines are the 1 keV flux and blue are the 3 GHz flux.
. 10 days when we add a cocoon that surrounds each
jet to an angle θj + 0.35 rad. The cocoon has a fixed
isotropic equivalent energy ∼ 1049 erg, Lorentz factor
Γ = 2.5, and microphysical parameters εB = 0.001
and εe = 0.1; so the scatter between curves is a re-
sult of the different ambient densities. From this, we
can see that the missing flux at X-ray frequencies can
be accounted for without any profile changes to the jet
model. A detailed investigation of the cocoon properties
in GRB 170817A is beyond the scope of this work.
We have focused our discussion on short GRB af-
terglows but the same arguments hold for long GRBs,
where an orphan afterglow from a jetted refreshed shock
outflow would be characterised by the total kinetic en-
ergy of the system ∼ 1053 erg, for long GRBs (Laskar
et al. 2015). In cases where multiple injection episodes
occur (e.g. Granot et al. 2003), the off-axis afterglow
would, for an observer at a suitable inclination, appear
to rise slowly to peak, or have a long plateau, with a
maximum flux and timescale determined by the slow-
est and most energetic component. The lengthened
timescales for an orphan afterglow in such a case would
increase the change of detection for high cadence and
sensitive transient survey telescopes.
5. CONCLUSIONS
We have shown how the afterglow light-curve from a
refreshed shock system for an observer at an angle to
the jet axis ι > θj would appear for a jet that has a
simple top-hat structure. The key findings are:
• The light-curves to refreshed shock afterglows,
when viewed by an off-axis observer, are domi-
nated by the total (refreshed shock) energy; im-
portant when the kinetic energy of the secondary
shell(s) is much greater than the first.
• A refreshed shock afterglow light-curve viewed at
θj < ι < Γ(t)
−1 will show the same temporal
features as those from a laterally structured jet
resulting in orphan afterglows with longer, more
gradual, rises to peak.
• The afterglow to GRB 170817A can be described
by a refreshed shock, top-hat jet viewed at ∼ 3θj .
We find that the energy of the fast component in
the afterglow model to GRB 170817A data is consis-
tent with the median kinetic energy from the cosmo-
logical sample of short GRB afterglows; where E1 =
0.16+1.85−0.13 × 1052 erg, and 〈E〉 = 0.18 × 1052 erg for the
short GRB population (Fong et al. 2015). The inferred
parameters from our MCMC indicate a bulk Lorentz
factor with a preferred value Γ0,1 = 19.5
+44.0
−8.7 that in-
dicates the possibility of a failed-GRB-type event (e.g.
Lamb & Kobayashi 2016) with an accretion driven sec-
ondary outflow (e.g. Matsumoto & Kimura 2018; Mat-
sumoto et al. 2020). This scenario is consistent with a
shock-breakout origin for the observed burst of gamma-
rays, GRB 170817A (Bromberg et al. 2018; Pozanenko
et al. 2018).
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